Abstract-In this paper, the feasibility of inkjet printing of circuit and microwave structures on paper-based substrates is investigated for the first time in the implementation of a complete low-cost wireless platform for sensors. First, the system-level design of the module including the amplifier characterization were carried out to ensure optimum performance of the sensor modules in the UHF bands used in RF identification communication. These results were then used to design two different antenna structures, which are printed on paper along with their respective circuit layouts using inket-printing technology. Different techniques were investigated for the assembly of circuit components on the silver printed layouts. Finally, wireless link measurements on the assembled prototypes verified the good performance on the wireless and sensing sides.
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I. INTRODUCTION
A S THE demand for low cost, flexible, and power-efficient broadband wireless electronics increases, the materials and integration techniques become more and more critical and face more challenges [1] , especially with the ever growing interest for "cognitive intelligence" and wireless applications, married with RF identification (RFID) technologies. This demand is further enhanced by the need for inexpensive, reliable, and durable wireless RFID-enabled sensor nodes that is driven by several applications, such as logistics, aero identification (aero-ID), anticounterfeiting, supply-chain monitoring, space, healthcare, and pharmaceutical, and is regarded as one of the most disruptive technologies to realize truly ubiquitous ad-hoc networks.
In this paper, two completely paper-based RFID-enabled wireless sensor modules operating in the ultra-high-frequency (UHF) are presented for the first time. Paper is considered one of the best organic-substrate candidates for UHF and microwave applications [1] . Paper's biggest advantage is its high biodegradability with respect to other ceramic substrates such as FR-4, requiring only months to turn into organic matter in landfills. Paper is not only environmentally friendly, but can also undergo large reel-to-reel processing. In terms of mass production and increased demand, paper makes for the lowest cost material made. Paper can also be made to have a low surface profile with an appropriate coating. This is very crucial since fast printing processes, such as direct write methodologies, can be utilized instead of metal etching techniques for metallization on paper. A fast process, like inkjet printing, can be used efficiently to print electronics on/in paper substrates [1] . In this paper, the process to integrate electronics, integrated circuits (ICs), and sensors on paper using inkjet printed technology is presented for the first time. The design process from the system down to the fabrication will be outlined. The constitutive parameters of the paper reported in [2] - [4] will be used to design the microwave structures in the wireless modules. System-level measurements highlighting the feasibility of paper as a suitable low-cost integration platform/package for wireless sensing applications will be demonstrated through wireless link measurements of the sensor information.
II. MICROCONTROLLER AND TRANSMITTER DESIGN
To investigate the feasibility of paper as an RF frequency substrate and packaging material, two microcontroller-enabled wireless sensor modules were realized on a photo-paper substrate for the first time. The system-level design for the wireless transmitters can be seen in Fig. 1 . At the heart of the system was an 8-bit microcontroller unit (MCU) integrated with a UHF amplitude shift keying (ASK) transmitter in a single IC chip.
Having an integrated MCU with a transmitter offered the versatility of customizing the system for use with any kind of analog or even digital sensor, whose data could be sent out wirelessly with a maximum user-defined data rate. The data transmission was to be carried out at the unlicensed industrial, scientific, and 0018-9480/$25.00 © 2009 IEEE medical frequency band around 900 MHz in a way similar to RFID tags that use EPCglobal's GEN-2 protocol [5] . The first wireless sensor module prototype using a dipole antenna was printed on a 2-D (single layer) paper module, and the second prototype using a monopole antenna was printed on a 3-D (multilayer) paper module. The full design process will be outlined in this section.
A. MCU Operation
An integrated 8-bit MCU was used as the primary controlling mechanism of the wireless sensor module. The MCU used a high-performance reduced instruction set computing (RISC) architecture, with its own internal 4-MHz oscillator that was calibrated to within 1%. The MCU was programmed using an assembly code, which offers the best control over the timing of the device instructions, and hence, the I/O ports of the MCU.
The MCU was programmed to operate in three different modes of operation, which could be selected by the user with an external trigger switch (push button) shown in the system-level diagram in Fig. 1 . In mode 1 (UNMOD), the MCU was programmed to turn on the COMM module, and have it send out an unmodulated signal at the design frequency around 900 MHz. In mode 2 (SENSE), the MCU was programmed to read temperature from an external temperature sensor and have the COMM module send out the sensor data using an encoded ASK modulated signal. In mode 3, the MCU was programmed to disable the COMM module and go into sleep mode (SLEEP), an extremely low power state 1.8 W , in order to conserve power [6] , [10] . In the UNMOD mode, during the full unmodulated signal transmission, the power consumption was measured to be 36 mW, which would enable the wireless sensor module system to operate for a maximum period of 3.75 h with a 3-V battery capable of supplying 45 mA/h [7] .
The MCU contained an integrated 10-bit analog-to-digital converter that was setup to sample a Microchip TC1047A analog temperature sensor in the SENSE mode. All ten bits of the A/D converter were utilized for maximum sensing resolution. The temperature sensor was sampled four times during one read operation to average out variations in the sampled sensor output in between its sensor readings. The sampled analog data were then converted to their respective 10-bit digital form and stored in the MCU's program memory, where they were averaged. In the assembly code, the averaging was performed by summing all four of the stored digital sensor data and performing a bit shift operation on the sum twice to perform a divide by 4 operation.
The averaged sensor data in its digital form was then bit encoded using a complete two sub-carrier cycle Miller bit encoding, as shown in Fig. 2 . Miller bit encoding is one of the most common symbol types used in RFID's GEN-2 protocol [6] , [8] . In it, 2-or 3-bit transitions occur in between a "1" or "0" symbol, respectively, and no two consecutive 0 or 1 bits can be identical, as can be seen in the sequence shown in Fig. 4 . This makes it possible to communicate the bits asynchronously, making it easier to decode them on the receiver side, while conserving bandwidth. As a final step, the bit-encoded sensor data was then transmitted wirelessly by using the MCU to control the integrated communication module (COMM). 
B. Communication Module (COMM) Operation
The transmit frequency was generated with the help of an external crystal oscillator fed into the communication module (COMM) of the IC in Fig. 1 , which comprised of a phase-locked loop (PLL) module with a power amplifier (PA) at the output of the wireless transmitter. The COMM module, when enabled by the MCU, takes in the input or reference frequency generated by the RF crystal oscillator and generates an output signal locked in at 32 times the reference frequency. The MCU was programmed to produce a clock delay of 600 ms after enabling the integrated COMM module, which is roughly equal to the startup time of the crystal oscillator and the acquisition time of the PLL. The acquisition time is the amount of time taken by the PLL to lock at which point the output of the phase/freq. detector and the voltage-controlled oscillator block in Fig. 3 below are 0 A and 0 V, respectively [9] . The PLL lock occurs only when its output frequency is equal to 32 times the reference frequency of the RF crystal oscillator [9] .
The MCU was programmed to control the wireless communication by modulating the PA in the integrated communication module (COMM) at calculated intervals, thereby giving an ASK modulated signal at the output of the PA with the required data rate [6] . The modulation by the MCU was carried out in the same sequence as the bit encoded sensor data that was sampled and averaged during the previously described SENSE mode. The output data rate was generated by using the internal clock of the MCU to toggle the RF PA. With a 4-MHz internal clock, the time to execute one instruction was four times the clock period, which was 1 ms by the MCU [10] . This clock delay was used to control the time duration between the enabling and disabling of the PA thereby controlling the modulated RF output waveform and by it the data rate shown in Fig. 4 . The number of program instructions required by the MCU to produce the correct delay between the toggling of the PA that would generate a desired data rate ( ) can be determined from (1) as follows: (1) where is the cycles-per-clock delay in implementing one instruction by the program counter, which was set to the lowest allowable value of 4, as permitted by the MCU architecture in order to give the fastest data rate. The parameter in (1) is the clock frequency of the MCU. To minimize the number of the external components, it was decided to use the integrated Colpitts oscillator internal to the MCU, which had a maximum clock frequency of 4 MHz for both monopole-and dipole-based designs. Fig. 4 shows the MCU generated signals at the COMM enable and PA enable inputs of the COMM module. The sinusoidal waveform in Fig. 4 is the final ASK modulated RF output of the PA, which is also the sensor data that is fed into the antenna.
Two sub-carrier cycle Miller bit encoded signals are transmitted at data rates in excess of 5 kb/s from tags to reader as per RFID UHF Gen-2 protocols [8] . Based on (1), any value of less than 200 should yield a data rate of greater than 5 kb/s for an MCU clock frequency of 4 MHz. For the module prototypes presented in this paper, the value of that was coded in the MCU firmware was 146, which yielded a data rate of 6.8 kb/s, as was verified by the wireless link measurement shown in Fig. 5 . The data rate is the reciprocal of the measured bit duration shown in Fig. 5 .
To verify the correct operation of the MCU firmware and its interoperability with the COMM module, a prototype of the entire system was implemented on a copper-clad Duroid board, as shown in Fig. 6 . Interfaces were also provided to the IC on the prototype board to enable in-circuit programming and debugging of the MCU. The PA output was connected to a printed circuit board (PCB)-mounted subminiature A (SMA) connector through a coplanar waveguide with a grond plane (CPW-G) feed for the RF baud rate and PA characterization measurements described in the following section.
C. Amplifier (PA) Characterization
The range of the wireless transfer is directly proportional to the amount of power transferred from the amplifier in the transmitter front end to the antenna. Any impedance mismatch between the two can lead to the reflection of a part of the power intended to radiate out of the antenna, thereby minimizing the range. Instead of designing the antenna to a 50-match, it was decided to design it to the optimum impedance looking out of the amplifier (PA) in the transmitter. Doing so would eliminate the need for a matching network, minimizing series losses, as well as the number of components used in the design, thus leading to a more compact design.
To determine the optimum load impedance looking out of the PA in the transmitter, a load-pull analysis was performed on it at three different frequencies of 860, 904.4, and 925 MHz [11] , all of which fall within the unlicensed UHF frequency bands in the U.S. and Europe used for RFID communication [5] . The analysis was carried out for a fixed-bias point for which the PA output was biased at the power supply voltage of 3 V with an RF choke in between to maximize drain collector efficiency for class A operation suitable for ASK modulation [11] . The setup used for this measurement is shown in Fig. 7 . For this measurement, the test module, built on Duroid and shown in Fig. 6 , was used.
For the load-pull measurements, the microcontroller was programmed to operate in the UNMOD mode during which it would continuously enable the RF PA, which would send a constant unmodulated sinusoidal signal at the transmitter output. The load-pull tuner was tuned to different impedances to locate its impedance value at which the PA gave out maximum power [11] , which was read off the series power meter (see Fig. 6 ). The loss in the measurement setup, i.e., the RF tuner, the 20-dB coupler, and the cables, were measured separately at each one of the three measurement frequencies and added to the power output measured with the power meter to get the optimum output power shown in Table I . An Agilent E4438C vector signal generator (VSG) was used to generate the input RF signal, while the output power was measured using the Agilent E4419B rpm power meter. A portion of the output power was coupled to an Agilent E4404B spectrum analyzer to ensure that the power meter was measuring the output power at the correct output RF frequency. The load-pull tuner used was a Maury model 1643-N.
The effects of the SMA connector, coplanar waveguide (CPW) feed, the series capacitor, and bias circuitry were deembedded at various points along the output of the circuit to determine the optimum impedance referenced at the IC output after accounting for the impedance of the bias circuit. The impedance of the bias circuit was determined by measuring the -parameters of the RF choke and bias coupling capacitors from which their respective impedances were determined at 860, 904.4, and 925 MHz that were then modeled in the bias circuitry using Agilent's Advanced Design System (ADS) software. The equivalent circuit looking out of the PA on the prototyping board that had to be deembedded for the load-pull test setup is shown in Fig. 8 . The results of the load-pull analysis are shown in Table I .
III. ANTENNA DESIGN AND CIRCUIT INTEGRATION
The output impedances of the PA determined during the load-pull characterization were then used to design power-optimized dipole and monopole antennas for the wireless transmitters. The antennas were designed to resonate close to 904.4 MHz with the hopes of achieving a return loss bandwidth that would cover the extreme frequencies of 860 and 925 MHz as well. The antennas were inkjet printed on the paper substrates along with the circuit itself.
A. Single-Layer Dipole Antenna
Half-wavelength dipole antennas are among the most commonly used antennas for RFID applications. They can be folded and tapered for more compact size and wider bandwidth [13] , [14] . In addition, half-wavelength dipole antennas have a radiation resistance of 75 [15] , which is close to the real part of the optimum load impedance looking out of the PA at 904.4 MHz listed in Table I making for an easier impedance match. For the first wireless sensor module prototype, a tapering U-shaped half wavelength dipole structure described in [12] and [16] was chosen for the antenna. The circuit layout was to be placed in the space within the U-shape of the antenna to make the size of the complete module more compact [3] , [16] .
The antenna was to be printed on a single layer of a paper substrate along with the circuit layout using an inket-printing technique [6] , [16] - [19] . The biggest challenge on using a dipole antenna this way was integrating and sufficiently isolating it from the circuit of the sensor module within its U-shape, as shown in Fig. 9 . The close vicinity of the antenna with respect to the circuit would alter its mutual impedance, which could cause an impedance mismatch with the PA, thereby reducing the amount of power radiated along with the transmitted range [15] . To ensure an impedance match, the antenna was optimized so that the impedance looking out of the PA would be close to its optimum value at 904.4 MHz ( ) with the sensor module circuitry connected within the space between the antenna arms. In addition, RF chokes (L1, L2) were used at several points in the circuit to minimize RF signals, meant to travel between the antenna and PA, from creeping into the positive power supply trace of the battery that was used to bias the PA (antenna terminals) and power up the MCU. RF chokes could not, however, be placed between the negative terminal of the antenna (also the PA ground) and the negative power supply of the battery because doing so would reduce the gain of the single-ended PA and alter the optimum load impedance determined in Table I [11] . An RF choke (L3) was placed between the RF crystal and the negative power supply of the battery to isolate it from RF signals from the antenna.
The entire structure of the module including the antenna and the circuit layout was built using Ansoft's HFSS 3-D EM solver, which was also used to optimize the antenna. Lumped resistor/ inductor/capacitor (RLC) boundaries with values equal to the measured values of inductors L1, L2,and L3 at 904.4 MHz were used to simulate the RF chokes in the circuit, as shown in Fig. 9 . A lumped port was used as the RF power source in place of the PA to excite the antenna. The final dipole antenna design along with the circuit in between had a dimension of 9.5 5 sq. cm.
The simulated return loss or for the antenna with respect to the PA's optimum load impedance ( ) is shown in Fig. 10 , and shows a good impedance match at the design frequency of 904.4 MHz with a 10-dB bandwidth of 60 MHz. The simulated and measured radiation pattern are shown in Fig. 11 and show reasonably good agreement. A maximum simulated directivity of 1.54 dB was achieved.
B. Double-Layer Monopole Antenna
Many of the drawbacks with the dipole-based module can be eliminated by using a monopole-based structure. The monopole uses its ground planes as a radiating surface, which can also be used to shield any circuitry behind it. The monopole antenna also does not require a differentially fed input signal like the dipole, which was ideal for the PA since its output was single ended.
The circuit for the monopole was laid out on two layers, which helped minimize the size of the circuit topology by avoiding the long power supply traces that had to be used on the single-layer dipole-based module. The top layer contained the printed antenna and most of the circuit components for the module. The bottom layer contained an Li-ion cell and the power supply traces, which were routed to the top layer through drilled vias.
The monopole antenna had a planar CPW-G fed wideband structure with a rectangular radiator to achieve a more compact and wideband design that could be easily printed [20] - [22] . A CPW-G on the top and bottom layers is extremely suitable at shielding the antenna and the sensor data bus from interfering noise that may have coupled into the shared power supply traces in the bottom layer and also due to the digital switching within the MCU on the top layer [23] . In addition, the CPW-G feed line could also allow a matching network to be implemented between the PA and antenna in the event of a possible mismatch between the two. The monopole-based sensor module topology is shown in Fig. 12 .
The entire topology, shown in Fig. 12 , was also simulated using Ansoft's High Frequency Structure Simulator (HFSS) 3-D electromagnetic (EM) tool. Multipoint grounds (RF and LF) were used for this design for better isolation between the digital switching occurring in the MCU and RF transmission [23] . RF chokes (L1 and L2) simulated as lumped RLC boundaries were once again used to isolate the two grounds, as shown in Fig. 12 . A lumped port was used as the RF source to replicate the PA for the simulation. The antenna was matched to an impedance of , which is the reference at the PA output shown in Fig. 8 at the design frequency of 904.4 MHz. The simulated return loss for the entire structure showed good wideband resonance of about 220 MHz around the design frequency of 904.4 MHz, as shown in Fig. 13 . The maximum simulated directivity obtained was 2.6 dB. The measured and simulated radiation patterns are shown in Fig. 14. 
IV. FABRICATION AND ASSEMBLY
Once the system topology and antennas had been designed, the overall performance of the prototype board shown in Fig. 7 was verified. The complete designs were then reproduced on paper using inket-printing technology. The antennas and the circuit layouts were printed and cured on paper using silver ink and the complete wireless sensor system comprising the IC (MCU transmitter), its discrete passive components, the temperature sensor, and an Li-ion cell for "standalone" (autonomous) operation were assembled on it. The fabrication/assembly process is outlined in this section. 
A. Inkjet-Printing Technique
The proposed circuits for the wireless sensor module including the antennas and circuit layouts were designed and simulated using HFSS software, and fabricated using an inket-printing technique. In inkjet printing, the conductive silver ink droplets are directly sprayed from the inkjet nozzle onto the paper-based substrate, thus eliminating the waste Fig. 15 . Dimatix printing chamber. generated using traditional photolithography techniques, which etch out unwanted metal at the end of the process [1] .
A Dimatix DMP-2800 inkjet printer (printer) was used to carry out the inkjet printing. The conductor consisted of a conductive ink containing silver nanoparticles, which was sprayed onto a paper-based substrate using the inkjet printer to ensure good metal conductivity [1] . To ensure maximum conductivity and antenna efficiency, the entire circuit was printed over with 12 layers of silver ink resulting in a conductor thickness of 12 m [14] .
The substrate was sintered continuously during the fabrication process at 60 C using the hot base plate in the printing chamber of the printer shown in Fig. 15 . The sintering process removed excess solvent and material impurities from the depositions and increased bonding between the silver ink and paper [24] .
The layers were printed using two different types of piezoelectric inket-printing cartridges. The high precision cartridge that sprayed 1-pL droplets was used to print finer areas in the circuit layout such as the IC traces and the PA interface to the antenna ( 150 m). The 10-pL cartridge was used to print larger areas on the antenna and the RF ground planes/traces in both the monopole and dipole circuits to increase conductivity. This was done to minimize the gap between adjacently sprayed silver particles enabling a larger overlap during the annealing process and ensuring better conductivity of the printed structure. A close-up picture of the overlap between the printed ink layers using the 10-pL cartridge is shown in Fig. 16 . The printed structures were then cured in an industrial oven at 100 C for 10 h. This was done with the intent to increase the conductivity of the printed structures toward the higher end of the conductivity range achievable with this process, which is between 0.4 2.5 10 S/m [2] . The entire printing process was repeated to print the individual layers used in the dipole-based (one layer) and monopole-based designs (two layers).
B. Circuit Assembly
Next, the wireless sensor modules were assembled on the printed circuit. The assembly process on silver pads proved to be the most challenging aspect in the design process. Given the low temperature tolerance of paper, the electronic components used, and the relative weaker adhesion of printed silver pads on paper, soldering had to be ruled out. Multiple assembly methods were experimented in order to find a reliable alternative for mounting components which include silver epoxies and conductive tapes.
The procedure for mounting components on the printed circuits was identical for both monopole-and dipole-based modules. The wireless sensor module using the monopole, due to its two-layer design, required additional steps to the assembly process. For the monopole-based module, the bottom layer containing the printed ground plane and the positive power supply trace was laminated to the top layer containing the printed circuit, monopole antenna, and signal feed line prior to the circuit assembly process. Roughly 5 lb/sq. in of pressure was applied on the two layers for 30 min until the bonding adhesive dried sufficiently.
Via-holes were then drilled through the laminated structure using a 400-m microdrill bit manufactured by LPKF A.G., Garbsen, Germany. Fiducial marks printed along the borders were used to ensure that the top and bottom layers of the monopole-based wireless sensor module were aligned properly. The drilled via-holes were then filled using silver epoxy. A small area of the adhesive was left to spill over from the via-holes across the top and bottom silver traces to ensure connection. The structure was then cured at 120 C for 20 min.
Two different silver epoxies were investigated for making conductive electrical contacts between the circuit components and the printed silver traces given the unfeasibility of using solder on printed silver. The first type had a thinner texture prior to curing, which made it conducive to applying onto smaller circuit points. It could be easily applied to the finer interfaces between the components and printed silver traces. However, given its inability to hold components in place, nonconductive adhesive had to be applied first under the component terminals, as shown in Fig. 17 .
By comparison, the second type of epoxy used, which proved to be a better choice, had a denser texture providing a secure grip of the components prior to curing although it was harder to apply on finer areas in the circuit. A comparison between the two epoxy textures can be seen in Fig. 18 . Both of the epoxies, after application, had to be cured in an oven to harden its textures and improve conductivity. The denser epoxy also has a much higher thermal conductivity of 12.7 W/mK compared to 2 W/mK for the thinner epoxy, resulting in a lower curing time, Fig. 17 . Assembly process for components on printed silver pads using the Epo-Tek silver epoxy. Fig. 18 . Silver epoxy textures before and after curing. which was more conducive to the electrical components with lower temperature tolerances.
The entire assembly process had to be carried out in a multistep process [12] . This was because the conductivity of the silver epoxy had a direct co-relation to its curing time and temperature, which contradicted with the limited temperature tolerance of the components used in the wireless transmitter. Due to this, the assembly of components was done in the order shown in Table II [12] . The curing time and temperature are also shown in Table II. V. SYSTEM-LEVEL PERFORMANCE Wireless link measurements were then performed with the assembled modules to verify their system-level performance. The wireless link measurements were carried out by placing the modules at different temperatures within an oven or refrigerator, and triggering them to transmit in the SENSE mode. On the receiver side, the ASK modulated wireless sensor information was captured using a wideband AN-400 RFID reader antenna connected to a Tektronix RSA 3408A real time spectrum analyzer (RTSA). The transmitter was kept at a distance greater than its Fig. 19 . Dipole-based wireless sensor module on paper substrate using inketprinting technology. far-field boundary from the receiver. The far-field boundary of the dipole and monopole-based modules were determined to be 3.8 and 5.4 cm using Fraunhofer's far-field equation shown in (2) as follows [15] : (2) In (2), is the distance from the transmitter at which its far field region starts, is the largest dimension of the antenna, and is the free-space wavelength at the transmit frequency of 904.4 MHz. The wireless sensor data captured by the RTSA were decoded and compared to the temperature obtained from a commercial noncontact infrared (IR) thermometer. The results have been summarized in this section.
A. Dipole-Based Wireless Sensor Module
The assembled dipole-based wireless sensor module can be seen in Fig. 19 . The transmitted signal measured by the RTSA from a distance of 4.26 m can be seen in Fig. 20 , and was observed to be 48.07 dBm. The transmission obtained with the dipole-based sensor module presented in this paper was observed to be significantly better than the first prototype designed in [12] whose transmission from a distance of 0.3 m was only 69 dBm, shown in Fig. 21 , and which was designed without accounting for the circuit and printing effects on the antenna. Based on the transmission measurements carried out under laboratory conditions, a wireless link budget analysis was performed on the dipole-based sensor module from which its expected range was determined. The wireless link geometry used can be seen in Fig. 22 . For the measurement setup used, the placement heights of the transmitter and receiver used were 1.17 ( ) and 0.97 ( ) m, respectively. The transmitter was placed at a distance of 4.26 m ( ) from the receiver.
For the measurement setup used, the maximum radius of the first Fresnel zone obtained at a midpoint between the transmitter (Tx) and receiver (Rx) was determined using (3) [26] , where is the wavelength of the transmitted signal. The lengths and in (3) represent the distance of the Fresnel zone cross section under consideration from the transmitter and receiver, respectively, as shown in Fig. 23 (3)
The first Fresnel zone radius for the dipole-based module ( ) was determined to be approximately 0.5945 m, which is lower than the heights of the transmitter and receiver. Based on this assessment, the requirement of the clearance of the first Fresnel zone was satisfied and, due to which, the free-space loss model was the most suited for determining the wireless link budget for the dipole-based module [27] .
Using the free-space loss model for the measurement setup shown in Fig. 22 , the maximum effective isotropic radiated Fig. 23 . Link geometry for wireless link analysis [26] .
power (EIRP) from a transmitter can be determined using (4). On the receive side, the AN-400 Reader antenna had a gain ( ) of 6 dBi [28] , which received a signal strength of 48.073 dBm ( ) that was measured by the RTSA (see Fig. 20 ). Using (4), the maximum amount of EIRP that was given out by the dipole-based sensor module was determined to be 9.9 dBm (4) The maximum range of the transmitter is a function of the geographical setup with respect to the receiver, and also more importantly, the receiver sensitivity. For the measurement setup used thus far, the distance ( ) between the transmitter and receiver was low in proportion to their heights, thereby minimizing the effects of the ground. However, over longer ranges ( 8 m for the measurement setup used), the values of , , and in (3) would increase the maximum Fresnel zone radius with respect to the placement heights of the transmitter ( ) and receiver ( ). Due to this, the two-ray beam tracing model was used to compute longer range distances of the transmitter since it better accounted for received signals that had bounced off the ground [26] . For long distances with respect to the placement heights of the transmitter ( ) and receiver ( ), the range of the transmitter ( ) was determined using (5) as follows:
In (5), is the lowest power level detectable by a receiver, which is also known as the sensitivity of the receiver. A search for commercial transceivers that received ASK modulated signals at data rates of 5-10 kb/s, which are used for RFIDs and low power wireless sensing applications revealed sensitivities ranging from 65 to 111 dBm [29] , [30] . Based on the receiver sensitivities found, for an omnidirectional antenna on the receiver side dB , the dipole-based module would be expected to have a minimum range between 25.32 and 357.66 m using (5) . In free space, this range would be between 15-2995 m for receivers with sensitivities ranging from 65 to 111 dBm, respectively.
In order to verify the correct operation of the dipole-based wireless sensor module, it was triggered to operate in the SENSING mode. The ASK modulated sensor information sent out by the module at different temperatures that was measured by the RTSA is shown in Fig. 24 . The transmitted sensor data shows good agreement with the measurements carried out with the digital IR thermometer. The digital IR thermometer has an accuracy of 2.5 C. [31] . 
B. Monopole-Based Wireless Sensor Module
The assembled monopole-based wireless sensor module can be seen in Fig. 25 . The filled via-holes can be seen as smudges on the ground plane in Fig. 25 . Wireless link measurements were carried out with the monopole-based wireless sensor module by placing them at different temperatures. The measurement setup was similar to the one used for the dipole-based modules. The transmitter and receive antenna were placed at heights of 0.86 ( ) and 0.97 ( ) m, respectively, at 1.83 m ( ) apart due to limitations with the measurement setup with the oven and refrigerator. The transmitted signal measured by the RTSA can be seen in Fig. 26 , and was observed to be 26 dBm at a frequency of 904.4 MHz.
A wireless link budget similar to the one used for the dipole-based module was also carried out for the monopole-based module. The radius of the first Fresnel zone for the measurement setup used was determined to be 0.55 m, which was well cleared by the placement heights. Using the free-space loss model of (4), the EIRP transmitted from the monopole-based module was thereby determined to be 4.91 dBm. The minimum range ( ) of the monopole-based wireless sensor modules using the two-ray beam tracing model were determined to be between 51.1-721.6 m using (5) for receivers with sensitivities from 65 to 111 dBm, respectively, and an omnidirectional antenna dB , respectively. However, in free space, the maximum range ( ) of the wireless sensor modules would increase to 82.66 on the lower end using (4) for a receiver sensitivities of 65 dBm. However, for longer distances, the free-space model cannot be considered to be accurate since effects of the radius of the earth's curvature and environment need to be considered for distances over 10 000 m [26] .
In order to verify the correct operation of the monopole-based wireless sensor module, it was placed at different temperatures while triggered to operate in the SENSING mode. The ASK modulated sensor information sent out by the module at different temperatures that was measured by the RTSA is shown in Fig. 27 . The transmitted sensor data shows good agreement with the measurements carried out with the digital IR thermometer. The digital IR thermometer has an accuracy of 2.5 C [31] .
A comparison between the dipole-and monopole-based sensor modules can be seen in Table III . Efforts to ensure an impedance match between the dipole and the RF PA with the circuit close to its feed, and reduce RF leakage from the RF to the non-RF digital side of the circuit did improve the performance of the dipole-based module. In addition, the use of a low-precision high-volume cartridge to increase conductivity of the antenna structure also helped in increasing the amount of power being transmitter by over 20 dB from its predecessor in [12] , as shown in Figs. 21 and 22 . While the simulations revealed a directivity of 1.54 dB, a more thorough analysis needs to be performed to study the effects of the printing process and the module circuit on the gain of the dipole antenna since the EIRP of the sensor module was determined to be only 9.9 dBm. By comparison, the monopole through the use of its grounded structure offered a significantly convenient way of integrating the antenna with the module circuitry with a better match and isolation. The planar square shape of the monopole also increased the area of the overlap between adjacent printed layers that could potentially decrease losses in the radiating structure and increase the gain. This can be seen with the significantly higher EIRP (4.91 dBm) given out, and correspondingly, the longer range of the monopole-based sensor module.
In addition, the monopole-based structure also offered more wideband performance compared the dipole-based modules, as can be seen from their respective return losses in Figs. 10 and 13. The 10-dB return loss of the monopole covers all three frequency bands, 860, 904.4, and 925 MHz at which the RF PA in the transmitter could optimally operate. The dipole bandwidth was limited to only frequencies at 904.4 and 925 MHz.
While the size of the monopole and dipole radiating structure were comparable, the input feed of the monopole did significantly increase the overall size of the monopole-based sensor module. A shorter feed with a matching network could be used to decrease the dimension of the monopole-based module.
In addition, paper also offers excellent characteristics as a packaging material for sensors, especially temperature sensor considering its low thermal conductivity. The sensor measurements for both the dipole-and monopole-based sensor modules showed good agreement with digital IR thermometer that was used as a reference as was verified by its wireless link measurements.
VI. CONCLUSION
Two different wireless sensor modules have been implemented on a paper substrate using inket-printing technology for the first time, and tested for wireless performance. The complete process including the system and antenna design, circuit layout, printing methodology, and assembly techniques that would potentially result in enhanced performance of the wireless sensor modules on paper was outlined. Wireless link measurements carried out on the complete prototypes on paper show acceptable performance on the communication and sensing side highlighting the feasibility of paper as a low-cost suitable eco-friendly packaging material as an active RFID-enabled wireless sensing platforms operating in the UHF range. Improved performance combined with the inherent cost and environmental advantages of paper over other substrates make paper-based wireless sensor modules an ideal choice for implementing large-scale RFID enables wireless sensor networks.
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